Lamina by lamina measurement of biomarkers at a sub-millimetre resolution within the Achanarras Limestone Member has helped to resolve the changing environmental conditions associated with a fish mass mortality horizon. An anomalous proportion of C 30 sterane (24-npropylcholestane) marks the beginning of the horizon and likely corresponds to an influx of marine water. This appears to have been short lived and was likely analogous to a modern day storm tide. The subsequent laminae record an increased incidence of water column stratification and hypoxic bottom waters in the form of an elevated gammacerane index. The mass mortality horizon studied was from an upper interval of the Achanarras Limestone Member with a fossil fish assemblage comprising mostly Dipterus, an early Dipnoan (lungfish). However, lower intervals of the Achanarras Limestone Member have greater assemblage diversity, including species associated with marine conditions such as Coccosteus, and evidence higher proportions of C 30 sterane indicating better connection to the marine environment. Therefore, it appears that ingressing seawater in and of itself was not responsible for creating a stressed environment.
1 by storm tides, killed en masse by exposing fish to hypoxic conditions in a similar way to modern water bodies effected by storm tides generated during hurricanes. The fish bed section of the Middle Devonian-aged Achanarras Limestone Member, located in the Orcadian Basin in NE Scotland, preserves an abundant fish fauna many of which display excellent preservation. Trewin (1986) provided a detailed description of the fish genera present and their stratigraphic and faunal distribution. In summary; a wide range of life-habitats is evidenced by the genera encountered that range from Dipterus -an early dipnoan (lungfish) tolerant of dry-intervals that prevailed in shallow water, through to Coccosteus the fossils of which are most abundant in intervals deposited when lakewater levels were high, and which in many other settings are found in marine environments. Fossil fish are not evenly distributed throughout the Achanarras Limestone Member but instead found clustered within distinct mass mortality horizons, with a frequency exceeding one per ten year interval. Hamilton and Trewin (1988) suggested that mass mortality horizons within the Achanarras Limestone Member could have resulted from the overturning of a stratified lake and the consequent reduction of oxygen in surface water as it mixed with hypoxic bottom water. Decay of organic matter generated by algal blooms stimulated by the resupply of nutrients to surface waters could have further deoxygenated waters. Although such kill-mechanisms are documented from East African Rift Lakes (Beadle 1981) , no further evidence has been presented to support this mechanism or indeed the responsible trigger. The Achanarras lake itself was deposited in a basin bounded by NE-SW trending faults, with the nearest coastline (based upon the occurrence of demonstrably marine-successions) located to the South East (Fig 1) . More locally, at least to the SW, SE and NW the Caithness flagstones pass into fluvial, alluvial and Aeolian facies, thus from a first consideration the lake would appear to have been truly "landlocked". However, varying levels of land-sea interaction have been suggested for the beds. Microfaunal evidence for marine incursions into the Orcadian Basin (e.g. Marshall et al. 1996) has been reported for the Upper Middle-Devonian (Givetian) of Orkney, e.g. to the north of the of Orcadian lake. Additionally, certain members of the lakes fish fauna (e.g. Coccosteus) are also found within time-equivalent marine successions deposited in the ancient Rheic Ocean to the south of the Old Red Continent. However, these fish may have migrated to the lake and their presence in the fishbeds is therefore not conclusive evidence of an incursion of seawater (Trewin 1986 ). Thus there exists evidence of a connection to the marine environment, but it appears inconsistent, and to have only marginally influenced the lakes environment.
In addition to its fish fauna, the Achanarras Limestone Member is also noted for its seasonally laminated sediments. The Mid-Devonian 3.6 meter thick Achanarras Limestone Member comprises lamina couplets interpreted by previous authors as non-glacial varves reflecting intraannual variation in sedimentation, where two adjacent laminae account for a years sedimentation (Rayner, 1963; Trewin, 1986) . The varve couplets consist of carbonate / clastic pairs; carbonate laminae comprise a ferroan microdolomitic carbonate phase and clastic laminae are mainly siliciclastic (Andrews et al. 2010; Othman Wilson, 2012) . A number of orders and scales of cyclicity are recognised within the Achanarras Limestone Member, but most relevant to this 3   70   71   72   73   74   75   76   77   78   79   80   81   82   83   84   85   86   87   88   89   90   91 study are the very short order cycles corresponding to Schwabe cycles (~11 years) and shorter order cycles (3 -8 years) that most likely represent the oscillation of shorter order climatic cells (Andrews et al., 2010) . This accords with the view of many other workers that the cyclic patterns of sedimentation observed within the Caithness Flagstone group and particularly the Achanarras Limestone Member strongly reflect climatic forces rather than tectonic processes and rates of basin infill (Astin et al., 1990; Marshall et al. 1996; Trewin and Thirlwell 2002) .
The purpose of this study is to look for organic geochemical anomalies that will help ascertain what was unusual about the Orcadian Lake's water column during the deposition of the fish mass mortality horizons and better understand its depositional environment. By making geochemical measurements on a lamina by lamina scale a high resolution chronology can be constructed to explore how environmental conditions changed and led to the deposition of a mass mortality horizon.
METHODS
Samples were collected from the Achanarras Quarry, Caithness (Fig.1) . The specimen used for this study is from the uppermost fish-bearing section of the Achanarras sequence (facies 6 from Trewin 1986 ). Elemental (carbon and sulphur), stable isotope data (δ 13 C for organic and inorganic carbon) and biomarker data were obtained for twenty four consecutive laminae.
Limited data is also presented for lamina collected from the middle part of the Achanarras Limestone Member for comparative purposes. positioning. For all methods no lubricating fluid was used and drills were operated at mediumspeed to avoid generating excessive friction or long drilling times. Drill powder was removed from samples by gravity, air and mechanically by a fine brush. All powder was removed from a working surface prior to "drilling-out" the next laminae. Laminae were removed alternately, with in-fill drilling used to sample lamina remaining after the first pass of a sample. While working on a given slab etching and polishing were repeated to provide clean and clear working surfaces and prevent cross contamination between samples.
Extracts were obtained using a modified version of the mini-extraction methods presented in Bowden et al., (2008) ; a three stage extraction process was applied to ~100 mg of powder (using dichloromethane and methanol), after which extracts were combined and then concentrated by evaporating the solvent under an inert nitrogen atmosphere. Gas Chromatography Mass Spectrometry (GC-MS) analysis of the extract was performed using an Agilent 6890N GC fitted 
Environmental Baseline
Total organic carbon is generally quite low with a biannual average of 0.23% (n= 24, σ = 0.06%). This is consistent with a lake environment in which sedimentation rates were known to be high (diluting organic carbon), and experienced occasional influxes of relatively coarse grained sediment that were likely fluvial in origin (Trewin 1986 ). Such inputs of sediment would have diluted organic carbon content and lowered TOC values -even if net rates of carbon burial were high. Conversely carbon/sulphur ratios appear low (there is a lot of sulphur with respect to carbon), especially for a lacustrine environment and indicate that a relatively high amount of sulphur was fixed within the ancient sediments as sulphide (Leventhal 1979; Berner and Raiswell 1986) ; far higher than would be expected for a freshwater lake or even a marine environment (e.g. they are less than 2.8). The δ 13 C carb data average -1.01‰ (n = 23, σ = 0.31‰) and the δ
13
C org values fall within the standard range reported for algal organic matter (-26 to -42‰, Leng and Marshall 2004) . This might be expected, as a significant input of higher plant organic carbon would be unlikely for a Middle Devonian-aged sediment.
β,β-Carotane is notably prominent in all samples (see Fig. 2 ) and this is a feature observed in the solvent extractable organic matter obtained from numerous localities around the Orcadian Basin (Duncan and Hamilton 1988) , where it is often the most easily resolved and abundant hydrocarbon-biomarker on gas chromatograms. β,β-Carotane (Fig.2) is derived from β,β-carotene by transformation of the unsaturated hydrocarbon precursor during early diagenesis (cf. Killops and Killops, 2005) . Although β,β-carotene is ubiquitous, high concentrations of β,β-carotane in the geological record are not common and the very large proportions of β,β-carotane present in the Achanarras Limestone Member are notable because carotenoids typically degrade rapidly in most aquatic depositional settings (Jiang and Fowler 1985) . Therefore, the very high proportions of this compound present in the Achanarras Limestone Member and similar lacustrine rocks and sediments have been interpreted as a consequence of a higher than typical input from precursor biological materials and a high net primary productivity (Killops and Killops 2005) . Likely sources for this carotenoid-enriched organic matter include halophilic archaeobacteria which thrive in hypersaline environments (Kushwaha et al. 1974; Rønnekleiv and Liaaen-Jensen 1996) and contain very high proportions of carotenoids, including β,β-carotene. The concentration of β,β-carotane is high in all samples although there are several instances of values less than one standard deviation from the mean value.
The most distinctive feature of the sterane biomarkers is the low abundance of regular C 27 steranes (Fig. 3) . This likely indicates a low proportion of cholesterol in precursor organic matter, and hence limited contributions from animals/zoo plankton, which are the main sources of cholesterol in modern lake sediments (Huang and Meinschein 1979; Kodner et al., 2008) . The 24-n-propylcholestane (C 30 sterane) sterane-homologue is less commonly reported in solvent extracts obtained from Orcadian Basin sedimentary rocks (Duncan and Hamilton 1988) although it can be seen to be present in all of the samples during this study, but in varying proportions ( propylcholesterols which have been found to be present in a few largely marine chrysophyte algae (Rohmer et al., 1980; Moldowan 1984; Volkman 2002) . Most important of these is probably the brown tide alga Aureococcus anophagefferens (Giner et al., 2003) . Baseline values for the relative proportion of C 30 sterane for the studied interval are low, both in comparison to stratigraphically lower intervals of the Achanarras Limestone Member (values shown as crosses on graph) where the most diverse fish fauna are preserved and also relative to the mass mortality horizon itself.
Gammacerane is a pentacyclic triterpanoid hydrocarbon that can be measured on the m/z 191 chromatogram ( Fig.2 ) and is present in all samples. The varied proportion found in samples is indicated by the Gammacerane Index (GI) which is plotted in Fig. 4h . Gammacerane can be used as an indicator for water column stratification (Sinninghe Damsté et al. 1995; Stephens and Carroll, 1999) . This is because its main biological precursor is tetrahymanol (Ten Haven et al.
1989) a compound that is synthesised by bacterivorous ciliates (Sinninghe Damsté et al. 1995) inhabiting anoxic waters. (Tetrahymanol is only produced by these organisms in the absence of dietary sterols, a situation that occurs in the anoxic part of a stratified water column where the growth of sterol-synthesising eukaryotic algae is inhibited). No precise definition has been offered as to what constitutes a 'high' GI value, however quoted GI values greater than 0.1 -0.2 are generally described as being 'high' (e.g. Chen et al. 1996) , thus background values indicate prevailing water column stratification. A sharp spike in the C/S ratio two standard deviations high, corresponding to the highest value in a 10 year interval, occurs during the mass mortality horizon (Fig. 4a -C/S ratio). This is accompanied by a TOC spike (Fig. 4b ) two standard deviations above the average (also a 10 year maximum) and a reduced burial of sulphur relative to carbon (Fig. 4a) , probably indicating less saline waters or a water column less able to support pyrite formation via reduction of sulphate.
Anomalous values associated with the mass mortality horizon
Immediately following the mass mortality horizon there is a large excursion of the δ 13 C org parameter (Fig. 4d ) to its highest value in an 11 year period of -28.65‰ (average = -30.74‰, n = 24, σ = 0.93‰). This is still consistent with algal organic matter being the dominant contributor to the lakes productivity. The concentration of β,β-carotane (Fig. 4e) is at a 4 year low during the mass mortality horizon and then immediately rises to a five year high in the following year. However, this is one of four big switches (where a parameter changes from a maximum to minimum value) in this parameter over the 12 year period concerned, and is only significant because it coincidences with the mass mortality horizon, rather than for its absolute magnitude (Fig. 4e) . The beginning of the mass mortality horizon itself is characterised by a high C 30 /C 28 sterane ratio (nearly two standard deviations high) indicating an enhanced burial of biomarkers derived from marine phytoplankton (Fig. f) . The gammacerane index spikes to a 6 year high at the mass mortality horizon and a 12 year high in the year following the mass mortality horizon indicating a relative increase in the prevalence of water column stratification (Fig. 4g ).
Thus the interval associated with the mass mortality horizon evidences decreased sulphur burial relative to carbon, higher TOC values and greater proportions of biomarkers derived from marine phytoplankton and is associated with water column stratification and hypoxic bottom waters. 
DISCUSSION
Geologically high concentrations of β,β-carotane (but not anomalous in the context of the section considered in this study) are reported from across the basin, particularly for localities located in palaeogeographic positions that are far from possible tributaries, indicating the prevalence of a saline or hypersaline habitat at the centre of the lake (Duncan and Hamilton 1988) . From this perspective the water budget for the lake would seem to have been closed or at least heavily restricted, and at a first consideration this contradicts the relatively high rate of discharge proposed by other workers (Marshal et al., 2007) , who found that riverine discharge from the lake was relatively high. The different perspectives can be reconciled by considering the seasonality of the lake; the dry seasons created a hypersaline habitat, whilst the wet seasons potentially saw large fluxes of water move through the lake. The relative duration of the two seasons would influence the net production of β,β-carotane, with less produced during a year in which the wet season predominated and riverine discharge enhanced. The changes in β,β-carotane concentration that occur several times in the studied interval suggest that the variation associated with the mass mortality horizon is not unusual and doesn't help constrain the anomalous factors at play in the genesis of the mass mortality horizon. These values represent only the routine cycling of the lake between wet and dry conditions. value at the beginning of the mass mortality horizon, but C 30 steranes are present in all lamina analysed albeit in trace quantities. A literal interpretation of this parameter, similar to that used for biomarkers found in oil, would suggest that the sedimentary organic matter found within the Achanarras Limestone Member predominantly derived from marine sources (Peters et al., 2007) .
However, as noted earlier, other geological evidence for such a strongly marine interpretation is lacking excepting the fossils of certain fish genera (such as Coccosteus), that are also found in similarly-aged marine successions at other localities (Trewin 1986 ). The proportion of 24-npropylcholestane (C 30 steranes) varies but infrequently exceeds a single standard deviation. This can be explained by the periodic recharging of the lake with sources of C 30 steranes, (either phytodetritus or living organisms) during incursions of seawater, albethey some distance from the depocentre of the lake. The most likely modern analogue for such an incursion of seawater would be a storm-tide that carried non-hypersaline, marine waters into the lake or its downstream reaches.
Studies of modern day fish-kills resulting from large storm tides indicate the complexity of elucidating a definitive kill mechanism and its consequences, and generally show that the same storm will variably impact different populations in different places (Mallin et al., 2002; Schaefer et al., 2006) . Van Vrancken and O'Connell (2010) The strongest evidence for atypically hypoxic conditions coincident with the mass mortality horizion is the significantly elevated values of gammacerane index (greater than 1 standard deviation) preceding the peak values in sterane parameters (both the % C28 sterane and C 30 /C 28 sterane ratio). Mechanistically the link between a higher gammacerane index and "more hypoxia" or "more anoxia" is not straight forward. Foremost, it is unlikely to represent a further reduction in the oxygen concentration of a dysoxic or hypoxic water body at a single geographical point. A further reduction in oxygen concentration in a body of water that is already anoxic over a substantial depth will have little impact on net gammacerane production (see prior discussion -a stratified and anoxic water column is a cause of gammacerane production and not an input to a process governing its rate of production). Instead of representing localised changes, the changing gammacerane index likely represents the consequence of changing environmental conditions at the lakes margins, where waters that were previously oxygenated have become anoxic, thus increasing the area of the lake capable of supporting gammacerane production.
The main mechanisms proposed by previous workers (Mallin et al., 2002; Buck 2005; Perret et The golden alga Prymnesium parvum is known to produce toxins that are responsible for fish kills (Landsberg 2010) . However, in the present day this alga is largely freshwater and has not been reported as a source or C 30 24-n-propylcholesterols. Brown tide algae such as Aureococcus anophagefferens, that are tolerant of marine salinities (Doblin et al. 2004) and are reported as sources of C 30 24-n-propylcholesterols (Giner and Boyer 1998) The data presented in this study are from the topmost section of the Achanarras Limestone
Member that has the least diverse fish assemblage (it comprises almost entirely Dipterus) and the lowest abundance of fish fossils (Trewin 1986 ). While it is tempting to try and link storm tides, seawater-incursions, reduced biodiversity and fish kills, values of the C 30 /C 28 sterane parameter are greater in the lower sections of the Achanarras Limestone Member where fish assemblages are more diverse and contain fish with the strongest marine associations. Thus the limited fish assemblage found at the top of the Achanarras Limestone Member is most likely a product of limited but highly disruptive as opposed to continuous connection to a marine environment, and indeed previous work has suggested that regular and intermittent flooding is healthy for fish stocks because it provides juvenile fish refuges on the floodplain (Mallin et al., 2002) .
CONCLUSION
The Achanarras Limestone Member was deposited in an environment that was periodically perturbed by incursions of marine water. The extent and frequency of this perturbation is recorded in the biomarker content of individual lamina, but at the top of the fish-bearing section of the Achanarras Limestone Member incursions were short lived and lasted less than a year and were probably analogous to a modern day storm tide. When considered as a time series, a clear chronological ordering of events can be seen within biomarker data, in which an influx of seawater was followed by a period of enhanced eutrophification. Instances of storm-induced hypoxia and anoxia, as deduced from biomarker data, are most strongly associated with intermittent perturbation by incursions of seawater, and acted as a powerful environmental selection filter favoring air breathing fish such as Dipterus. 
